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ABSTRACT: Fluorescent nanoparticles have transformative potential for smartphone-based point-of-need diagnostics be-
cause an optimal material can reduce the technical burden to meet assay performance requirements. Semiconductor quan-
tum dots (QDs) are a now well-established example of such a material. Semiconducting polymer dots (Pdots) and conju-
gated-polymer nanoparticles (CPNs) are emerging materials that bring advantages of brightness, synthetic ease, and being 
metal-free versus QDs, but frequently present the trade-off of spectrally broad emission and less well-defined surface chem-
istry. Here, we compare these two classes of nanoparticle in the context of a “bare bones” device that uses the smartphone 
for all-in-one excitation and imaging of fluorescence. The greater per-particle brightness of Pdots provides orders of mag-
nitude better imaging sensitivity versus QDs, and this advantage translates to a model lateral flow assay. Our data suggests 
that Pdots will support multicolor imaging on a smartphone in an optimized assay, although QDs are likely superior for 
this purpose. These pros and cons lead to discussion of how physicochemical differences between QDs and Pdots may 
influence assay performance beyond differences in optical properties. Overall, Pdots have great potential for enabling 
smartphone-based fluorescence assays with high sensitivity and low detection limits.
INTRODUCTION  
The development of smartphone-based imaging and assays 
has been driven by the need for inexpensive and robust bi-
omedical diagnostic tools that can operate in remote or 
low-resource settings.1 The combination of a camera, 
onboard processor, and network connectivity has been 
widely exploited to image lateral flow assays,2 paper-based 
ELISAs,3 well plates,4 and other colorimetric and fluoro-
metric assays.5,6,7 Particular attention has been given to the 
engineering of such systems, working with 3D-printed pe-
ripherals,8,9 elegant optical stacks,10 and incorporation of 
LEDs, lasers, and other optoelectronics to optimize assay 
performance.11 The assays themselves are typically de-
signed around tried-and-tested colorimetric and fluoro-
metric methods and materials, such as gold nanoparticles12 
and small molecule dyes.13  
    In the case of fluorometric assays, the broad absorption 
spectra, narrow emission spectra, high brightness, and 
large effective Stokes shifts of semiconductor quantum 
dots (QDs) have been shown to be particularly well suited 
to smartphone imaging.11 The hard, core-shell structure 
and scope of well-developed surface chemistries also make 
QDs attractive for the preparation of bioconjugates.14 For-
going the peripheral LEDs and lasers commonly used, we 
have previously shown that QDs paired with a simple com-
bination of filters and a smartphone flash and camera will 
yield excellent results in binding and proteolytic assays, in-
cluding decisive advantages over fluorescent dyes.7 This 
“bare-bones” approach lends itself well to the sought after 
low-cost, reproducible, and robust diagnostic tools. The 
QDs, as a materials-led innovation, are an alternative to 
making reader-technologies more sophisticated in order to 
obtain similar performance with less-ideal fluorophores. 
    New functional fluorescent materials are emerging that 
may be able to go beyond the advantages that QDs offer 
over dyes. One such class of materials is conjugated-poly-
mer nanoparticles (CPNs), of which semiconducting poly-
mer dots (Pdots) are a subset. Pdots have a diameter < 30 
nm, > 50% π-conjugated semiconducting polymer (by 
mass or volume), and a hydrophobic core.15 The dense 
packing of multiple conjugated chromophore units inside 
a Pdot results in very large absorption cross-sections that 
increase with particle size. The color of fluorescence is 
tuned by selection of the semiconducting polymer rather 
than by the size of the particle. Surface functionality is in-
troduced either by incorporating reactive groups into the 
backbone of the semiconducting polymer itself,16,17 or, 
more commonly, by co-precipitation of the semiconduct-
ing polymer with amphiphilic stabilizing agents that have 
handles for further chemical modification.18,19 
    Since their introduction in 2005,20 Pdots have been in-
creasingly adopted for biological assays and sensors,15 
where their high brightness has led to very promising sen-
sitivities and detection limits,21 including with smart-
phones.22 One challenge that many Pdot materials bring 
with them is their broad emission spectra, which is less 
ideal for multiplexed detection than the spectrally-narrow 
emission from QDs, albeit that strategies have been devel-
oped for addressing this limitation.23,24  
    Here, we evaluate Pdots as an alternative fluorophore in 
“bare-bones” smartphone-based assays, using QDs as a 
gold-standard material for comparison. We show that the 
superior brightness of Pdots versus QDs translates into 
more sensitive detection on a smartphone, including a 
lower detection limit in a model assay. Our data also sug-
gest that QDs are more optimal for multicolor measure-
ments via smartphone imaging, although Pdots do show 
 
potential for this capability. Other considerations in com-
paring QDs and Pdots are also discussed. Overall, Pdots 
hold significant promise for materials-led enablement and 
optimization of smartphone-based bioanalyses and imag-
ing. For applications requiring maximum brightness, Pdots 
and CPNs are likely a better material than QDs. 
EXPERIMENTAL METHODS 
    Additional details for the materials and methods can be 
found in the Supporting Information (SI). 
    Pdots were synthesized by co-precipitation of fluores-
cent polymer, poly(9,9-dioctylfluorene-alt-benzothiadia-
zole) (F8BT; Mn 17–23 kDa) or cyano-polyphenylene vi-
nylene (CNPPV; Mw 350 kDa), with a poly(styrene)-
poly(ethylene glycol) (PS-PEG; Mn 36.5 kDa) or poly(sty-
rene-co-maleic anhydride) (PSMA; Mn 1.7 kDa) amphiphilic 
polymer, using a modification of the method from the 
group of Chiu.25 Concentrations were determined by nano-
particle tracking analysis (NTA). 
    CdSeS/ZnS QDs were from CytoDagnostics (Burlington, 
ON, Canada) and CdSe/CdS/ZnS QDs were synthesized by 
the decomposition of inorganic precursors in organic sol-
vents during hot injection.26,27 QDs were coated with gluta-
thione ligands (GSH) or encapsulated with poly(maleic an-
hydride-alt-1-octadecene) (PMAO) polymer via an adapted 
phase exchange procedure.28 Concentrations were esti-
mated from absorption spectra.29 Table S1 lists which mate-
rials were used for which experiments.  
    PS-PEG-coated Pdots and the PMAO-coated QDs were 
conjugated with goat IgG using carbodiimide/succinimidyl 
ester chemistry, with purification by centrifugal filtration. 
    The smartphone apparatus was analogous to one we re-
ported previously,7 excepting modification to fit a Samsung 
Galaxy S7 smartphone. Spectrofluorimetric and absorb-
ance measurements were made with an Infinite M1000 mul-
tifunction plate reader (Tecan, Morrisville, NC). Excitation 
parameters were approximately matched between the plate 
reader and smartphone apparatus (vide infra).  
RESULTS AND DISCUSSION 
Particle comparison. The polymer nanoparticles that we 
prepared are larger than typical Pdots; however, we refer 
to these materials as Pdots because of their high brightness 
and high percentage of semiconducting polymer. Figure 
1A-B illustrates the structural differences between the 
Pdots and QDs, and compares their sizes. Figures 1C-D 
show representative size characterization data for the 
Pdots. For the F8BT and CNPPV Pdots, the respective 
mean sizes from transmission electron microscopy (TEM) 
were 57 ± 16 nm (N = 101, mode = 52 nm) and 43± 7 nm (N = 
101, mode = 40 nm), and, from NTA were, 66 ± 37 nm (N = 
4697, mode = 54 nm) and 62 ± 37 nm (N = 576, mode = 56 
nm). The mean TEM sizes of the QD540a and QD630 cores 
were 6.0 ± 1.2 nm (N = 468, mode = 5.8 nm) and 9.1 ± 1.5 
nm (N = 575, mode = 8.6 nm), respectively. Hydrodynamic 
diameters of the corresponding PMAO-coated QDs were 11 
± 2 nm and 13 ± 5 nm. Additional characterization data for 
the QDs can be found in the SI.  
 
 
Figure 1. (A) Cartoon illustrations of a Pdot and QD. (B) Size 
comparison between the Pdots and QDs. Size of (C) F8BT 
Pdots and (D) CNPPV Pdots by TEM (left axis) and NTA (right 
axis, color). All fitted curves are lognormal distributions. Scale 
bars are 200 nm for the inset TEM images. Normalized absorp-
tion (dashed line), PL excitation (dotted line), and emission 
spectra (solid line) for the (E) Pdots and (F) QDs.  
    Figures 1E-F compare the absorption and photolumines-
cence (PL) excitation and emission spectra for the F8BT 
and CNPPV Pdots with those of a CdSeS/ZnS QD 
(QD540a) and a CdSe/CdS/ZnS QD (QD630). To the naked 
eye, the QD540a, F8BT Pdots, CNPPV Pdots, and QD630 
luminesced green, green-yellow, orange, and red, respec-
tively. The Pdot materials had an absorption/excitation 
maximum at ca. 450 nm. PL emission was spectrally asym-
metric with peaks at 538 nm and 620 nm for F8BT and 
CNPPV, respectively, and full-widths-at-half-maximum 
(FWHM) of 76 nm and 130 nm. The QD540a and QD630 
had symmetric PL emission spectra with maxima at 540 nm 
and 630 nm, respectively, and FWHMs of 32 nm and 29 nm. 
The absorption spectra of the QDs exhibited characteristic 
increases from the first exciton peaks (518 nm and 622 nm) 
into the UV region. 
    Brightness, B, per Eqn. 1, is the product of molar absorp-
tion coefficient at the excitation wavelength, ε(λ), and the 
PL quantum yield, Φ. It is the main non-technical determi-
nant of sensitivity in most fluorescence experiments. 
B(λ) = ε(λ)Φ (1) 
The brightness of the QDs and Pdots at an excitation wave-
length of 450 nm is compared in Table 1. Given the quan-
tum yields of both materials (Figure S5), the molar absorp-
tion coefficient is the major contributing factor to the 
hugely superior brightness of Pdots over QDs. 
 
Table 1: Approximate molar extinction coefficients and 
brightness values for Pdots and QDs at 450 nm excitation. 
Notes: a Estimated molar extinction coefficient at 450 nm; 
b quantum yield; c Brightness at 450 nm. Uncertainties for 
Pdots (PSMA amphiphile) are largely batch-to-batch vari-
ation (average size 54 nm for F8BT, 50 nm for CNPPV). Un-
certainties for QDs (GSH-coated) are measurement impre-
cision for a single batch of material. 
  
One-color measurements. Figure 2A compares PL inten-
sities versus concentration for the QDs and Pdots from 
spectrofluorimetric measurements and from smartphone 
imaging. In both cases, picomolar concentrations of Pdots 
produced intensities similar to those from nanomolar con-
centrations of QDs. Figure 2B shows representative smart-
phone images.  
    Figure 2C is a schematic of the smartphone apparatus. 
Light from the camera flash was filtered to select blue 
wavelengths (centered at 447 nm), reflected onto the sam-
ple, and sample PL imaged by the camera through a filter 
that transmitted green through red light (> 500 nm). This 
apparatus was designed for a Galaxy S7 phone, but also ac-
commodated the S8 model and is adaptable to other cam-
era models.7 The smartphone-based measurement differed 
from a spectrofluorimetric measurement in the bandwidth 
of excitation, wavelength selection mechanism, and detec-
tor sensitivity. These differences are elaborated on in the 
SI; however, to make the PL measurements on the spectro-
fluorimeter more comparable to those on the smartphone, 
the spectrofluorimetric PL intensities were integrated over 
the estimated wavelength ranges of the red and green 
channels of the smartphone camera (580–700 nm and 500–
620 nm for the red- and green-emitting materials, respec-
tively). The similarity of the data between the spectrofluo-
rimeter and smartphone imaging clearly indicated that the 
brightness advantage of the Pdots translated between the 
two disparate measurement formats. 
Two-color measurements. For multicolor imaging, the 
spectrally broad PL of the Pdots is less ideal than the spec-
trally narrow PL of QDs, which have previously enabled 
three-color imaging via the built-in RGB filters and chan-
nels of a smartphone camera.6 We therefore evaluated 
whether crosstalk correction could enable two-color meas-
urements with F8BT and CNPPV Pdots via the red (R) and 
green (G) channels of smartphone images. QD540a and 
QD630 were also assessed for comparison. Measurements 
were made with mixtures of QDs or Pdots in bulk solution 
and spotted onto a nitrocellulose membrane.  
    To determine crosstalk correction factors, samples of ex-
clusively green-luminescent material (F8BT, QD540a) or 
red-luminescent material (CNPPV, QD630) were meas-
ured. The recorded intensities in the R and G channels of 
smartphone images (IG and IR) of a single color of nanopar-
ticle were substituted into eqns. 2 & 3, where SG and SR are 
the corrected PL emission signals for the green- and red-
luminescent materials, and σR and σG are the crosstalk cor-
rection factors for the signal from those materials in the 
non-nominal color channel.  
 (2) 
 (3) 
    In the case of mixtures with different amounts of the 
green- and red-luminescent materials, eqns. 2 & 3 were 
solved simultaneously to find the signals for each material. 
 
 
Figure 2. (A) PL intensity versus concentration for Pdots and 
QDs via spectrofluorimetry and via smartphone imaging. (B) 
Representative smartphone PL images. (C) Schematic of the 
apparatus for smartphone imaging. 
    For both solution-phase and spotted-on-membrane 
mixtures, Figure 3 shows plots of the calculated green/red 
material signal ratios (SG/SR) measured by smartphone im-
aging versus the same ratios measured by spectrofluorim-
etry (g/r). The spectrofluorimetric signals for a mixture of 
Pdots or QDs were unmixed as a linear combination of the 
corresponding PL emission spectra (see SI for details). As 
this process is very reliable, the ideal results for the plots 
in Figure 3 are straight lines with minimal deviations of the 
data points from the line (i.e. small root mean square error 
(RMSE)). The slopes will not be unity because the camera 
color sensitivity differs from that of the spectrofluorimeter. 
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In solution, the line for the QDs had a slope of 0.67 with a 
RMSE of 0.10 (relative RMSE 15%); the line for the Pdots 
had a slope of 0.82 with a similar RMSE of 0.14 (relative 
RMSE 16%). On a membrane, there was a larger difference 
between the Pdots and QDs. The QDs had a slope of 0.98 
with a RMSE of 0.08 (relative RMSE 9%), whereas the 
Pdots had a slope of 0.61 and a less favorable RMSE of 0.23 
(relative RMSE 38%). 
 
 
Figure 3. Green-to-red signal ratio from mixtures of Pdots and 
QDs measured via smartphone imaging versus on a spectro-
fluorimetry. Data is shown for a mixture in bulk solution 
(GSH-QDs, PSMA-Pdots) and a mixture spotted on a nitrocel-
lulose membrane (PMAO-QDs, PS-PEG-Pdots). 
 
Figure 4. (A) Cartoon illustration of the model lateral flow-
like assay for human IgG. F8BT Pdots and QD630, each con-
jugated with goat-anti-human IgG, were compared. Analyte 
spots contained between 2 fmol and 5 pmol of human IgG. 
(B) Representative smartphone PL images (ISO 400, shutter 
speed 1/6 s) of the membranes. The brightness of the QD im-
age was digitally enhanced for clarity (see Figure S12 for origi-
nal). (C) Dose-response curve for the assays. Error bars are 
standard deviations on three independent replicate experi-
ments. The dotted-line region is shown in the inset. 
Model assay. To further compare Pdots and QDs for 
smartphone imaging, a model binding assay was carried 
out in a format resembling a paper test strip or lateral flow 
assay. The target analyte was human IgG, and the QDs or 
Pdots were modified with goat anti-human-IgG antibodies 
via carbodiimide coupling. Conjugation was confirmed by 
agarose gel electrophoresis (Figure S10). The ratio of anti-
body to nanoparticle was adjusted for each material to aim 
for maximal surface coverage (using a small excess) with-
out crosslinking the antibodies and particles. It was esti-
mated, based on nanoparticle radii and a minimal footprint 
of 38 nm2 per IgG,30 that Pdots accommodated approxi-
mately 20–40 times as many antibodies as QDs.  
    Human IgG analyte was spotted onto nitrocellulose 
membranes at different concentrations. The antibody-con-
jugated F8BT Pdots and QD630 were flowed (by capillary 
action) over the dried spots of analyte and bound to the 
target, as illustrated in Figure 4A. These nanoparticles were 
selected as the brightest of each type of material under 
smartphone imaging (Fig. 2A). As expected, higher binding 
was observed as higher PL intensities at higher target con-
centrations. Despite the use of 250-times more QDs than 
Pdots in the assays (to account for both the inherent dif-
ferences in antibody-per-particle and brightness), the 
Pdots were an order of magnitude more intense under the 
same imaging conditions, greatly improving sensitivity. 
Figures 4B-C show representative smartphone images and 
the dose-response curves for the model assays. The Pdots 
were detected at >20 fmol of human IgG, whereas the QDs 
were only detected at >100 fmol, with much lower signal 
intensity from a greater concentration of particles used.  
DISCUSSION AND CONCLUSIONS 
The brightness of Pdots is key to their appeal for incorpo-
ration into bioassays. This brightness results from the mul-
tiple polymer chains incorporated into the core of the 
Pdot, each representing multiple chromophoric sites. In 
contrast, QDs are single chromophores with much smaller 
net absorption cross-sections. Our data shows that both 
materials are bright enough to image using only flash exci-
tation, but the more efficient absorption of excitation light 
by the Pdots results in lower detection limits. Use of exci-
tation wavelengths better optimized to the QDs (e.g. violet 
light offers ~2-fold better excitation of QDs and ~3-fold less 
efficient excitation of Pdots) would not significantly 
change the results because of the approximate 1000-fold 
difference in brightness. The brightness advantage of Pdots 
is thus emphasized by our bare-bones smartphone appa-
ratus, but not limited to its technical specifications, con-
sistent with other head-to-head comparisons of QDs and 
Pdots with sophisticated instruments.28  
    The potential drawback for Pdots is their much broader 
emission. Our results with mixtures of Pdots in bulk solu-
tion suggest that Pdots can be competitive with QDs for 
red/green assays on a smartphone when using a simple 
mathematical correction for crosstalk. In contrast, our 
membrane results suggest an advantage for QDs. We spec-
ulate that the discrepancy between these two formats came 
from solid-phase effects such as coffee ringing, particle ag-
gregation (with potential for green-to-red energy transfer), 
and potential surface-induced unfolding or restructuring 
of Pdots on the membrane. We anticipate that optimiza-
tion of the assay format and particle chemistry (for greater 
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stability) will remedy this shortcoming. Certainly, the 
brightness advantage warrants further exploration of mul-
ticolor Pdot-assay formats on a smartphone. Three-color 
measurements with Pdots, similar to those we have done 
with QDs,6 would be more challenging than two-color 
measurements, but far from impossible. Re-engineering 
semiconducting polymers (e.g. incorporation of BODIPY 
units) for more narrow emission FWHMs is potential route 
to three-color capability.31,24   
    Besides brightness and emission FHWM, there are other 
non-trivial differences between QDs and Pdots. Although 
smaller Pdots (ca. 20 nm) can be prepared,32 Pdots and 
CPNs will generally be larger and more polydisperse than 
QDs. Different maximum densities of nanoparticle on an 
interface (e.g. membrane) are therefore expected, which 
may influence assay dynamic range. The nanoparticle sur-
face area available for non-specific binding may also differ 
and affect assay selectivity, with a potential role for the 
hard versus soft nature of QDs and Pdots in determining 
the mechanism(s) of non-specific binding. Differences in 
the maximum number of antibodies per nanoparticle may 
also impact the statistics and avidity of binding, including 
the likelihood that, for poorly-controlled conjugation 
chemistries (e.g. carbodiimide), each NP has antibodies 
conjugated in an optimal orientation for target binding.  
    Other practical differences in assay development arise 
from the contrasting synthetic and materials properties be-
tween Pdots and QDs. A potential drawback of QDs is that, 
presently, the best and brightest materials incorporate 
heavy metals such as cadmium. The amounts of cadmium 
per assay are sub-microgram (less than the permissible 
daily intake of 0.8 µg/kg bodyweight33), but still preferable 
to avoid for regulatory and disposal reasons. Although 
heavy-metal-free QDs are in development, these materials 
currently have lower brightness and wider PL emission 
FWHM. Pdots thus come to the fore as an attractive metal-
free alternative. Pdots also have the advantage of being 
synthesized in one step in a ready-to-functionalize form in 
aqueous solution, whereas the preparation of high-quality 
aqueous QDs is an intensive, multi-step process. Neverthe-
less, in our hands, we found that the synthetic ease of Pdots 
came at a cost of reduced shelf-life and more fickle colloi-
dal stability versus QDs. Storage and conjugation reaction 
conditions needed to be finely tuned to avoid adverse ef-
fects on the Pdots (e.g. aggregation, adhesion to reaction 
vessels). These challenges were, at one time, also common 
with QDs, so we expect that further development of Pdot 
surface and bioconjugate chemistry will overcome these 
limitations. Several strategies can be adapted from other 
materials,34,14 and new methods that leverage the unique 
Pdot surface chemistry are already being implemented.35 
    Another caveat with respect to Pdots, in our hands, is 
significant inter-batch variability, which accounts for the 
large uncertainties in Table 1 (e.g. CNPPV Pdots were 
brightest on average, but F8BT Pdots were brighter for the 
batches used for Figures 1-4.) In contrast, we achieve better 
(but not perfect) inter-batch consistency with QDs, likely 
in part from a more direct relationship between optical 
properties and size. Uncertainties in the concentrations of 
Pdots and QDs also contribute to the uncertainties in Ta-
ble 1. For QDs, the maximum uncertainty is approximately 
a factor of two, which arises from the choice of model for 
their molar absorption coefficient.29,36,37 For Pdots, concen-
trations (and thus molar extinction coefficients) were 
measured via NTA (and absorbance). We estimate the typ-
ical accuracy to be within a factor of three, and, at worst, 
accurate within an order of magnitude. This uncertainty is 
currently secondary to the batch-t0-batch variation, but 
will eventually need to be considered for reproducible op-
timization of the number of antibodies per Pdot. Even so, 
this uncertainty does not alter the conclusion that the 
Pdots were orders of magnitude brighter than the QDs.  
    In summary, the selection between QDs and Pdots for 
smartphone-based assays is a multifaceted problem. The 
brightness advantage we demonstrated for Pdots translates 
into orders-of-magnitude better sensitivity and lower de-
tection limits. However, overall superior performance in an 
assay—which also considers selectivity, multiplexing, and 
other requirements—may warrant engineering and opti-
mization of Pdots with respect to their particle chemistry 
and emission properties. Nevertheless, Pdots have great 
potential for smartphone-based fluorescence assays.  
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